To meet the inevitable energy requirement of electronic goods, electric vehicles (EV), and hybrid electric vehicles (HEV), diverse studies have been carrying out to upgrade the current energy materials in rechargeable Li-ion technologies. Particularly, extensive research has been conducted to improve cathode active materials toward the goal of increasing energy storage, which would be applicable to mass-scale production of Li-ion batteries. Spinel LMO is one of the most promising candidates for the cathode material in rechargeable Li-ion batteries owing to its low cost, safety, and abundance[@b1][@b2][@b3]. Although LMO is promising for sourcing power to electronic appliances, there are some problems with its use, including dissolution of Mn through a disproportionation reaction (2Mn^3+^→ Mn^2+^ + Mn^4+^), phase transition from cubic to tetragonal, and formation of oxygen vacancies due to Mn dissolution[@b4][@b5][@b6]. Various strategies to address these problems have been proposed, including synthesis of various morphologies[@b7], doping[@b8], and coating[@b9]. Among them, coating is a facile way to improve LMO's innate properties[@b10][@b11][@b12]. Specifically, carbon coating has received the most attention because the carbon itself can provide a continuous electron pathway through the coating, allowing the particles to remain electrically conductive[@b13]. Moreover, coating of carbon or carbon-like materials on LMO has actually enhanced its electrochemical properties. For example, *Han, A. R. et al*. reported that LMO coated with a sucrose-derived carbon coating was electrochemically more stable than uncoated material[@b14]. *Zhuo, H. et al*. carried out coating with a graphene-like membrane (liquid polyacrylonitrile) as a surface-modifying agent and demonstrated that this coating considerably improved discharge capacity and cycling stability[@b15]. *Tang, M. et al*. applied carbon nanotubes (CNTs) as a coating material and demonstrated their high-power capability[@b16] and *Bak, S.-M. et al*. studied reduced graphene oxide (RGO) as a coating and showed that it enabled high surface charge storage[@b17]. *Ju, B. et al*. used graphene supported with Y~2~O~3~ as an alternative surface material, and noted its suppression of Mn^3+^ dissolution and resulting good retention characteristics[@b18]. Although these previously reported coating approaches yield better electrochemical performance than uncoated materials, the selected coating material and the synthesis process seem to be expensive and complicated. On the other hand, materials of carbon doped with heteroatoms such as iodine, boron, and nitrogen have been introduced as anode materials for use in rechargeable Li-ion batteries, and have been reported to yield high reversible capacity, stability under prolonged cycling, and rapid surface Li-ion adsorption[@b19][@b20]. It is well known that both CNTs and RGO are expensive to synthesize, requiring long physical and chemical procedures. When alternative materials exist that are abundant, readily available, and eco-friendly, and that yield results comparable to those of high-cost materials, such materials will always be valued; such alternatives to CNTs and RGO have been reported for various applications including sensors[@b21][@b22], supercapacitors[@b23], and Li-ion batteries[@b24]. Eco-friendly materials are considered to be those that reduce or control the usage of hazardous materials. Many conductive polymer materials have been used as carbon sources, such as polyparaphenylene[@b25], polyaniline[@b26], and polydioxyethylenethiophene[@b27] in Li-ion batteries. Natural polymer materials such as chitin and chitosan may also be applied. Chitosan is an interesting polysaccharide because of its distinct amino and hydroxyl groups[@b28][@b29]. Recently, N-C matrix material prepared from chitosan has been identified as an electrically conductive material and has been applied to Li-ion batteries and supercapacitors, yielding excellent electrochemical characteristics[@b30][@b31][@b32]. However, there have been no reports on chitosan-derived N-C\@LMO for use as a cathode material in Li-ion batteries. Accordingly, in the present work we modified LMO with N-C and investigated the effects of this surface encapsulation. Moreover, we systematically investigated the structure of bonding between LMO and N-C, as well as the contribution of N in the N-C material.

Results
=======

Structure and morphology
------------------------

The method used to prepare N-C\@LMO is schematically illustrated in [Fig. 1](#f1){ref-type="fig"}; it included four basic steps as follows. In the first step, chitosan was dissolved in a solution of acetic acid in deionized water. The second step was a hydrothermal reaction under fixed parameters, and the third step was ultrasonication treatment to yield a uniform dispersion. At this stage, the H-chitosan would be uniformly distributed over the LMO surface; as a matter of fact, the --NH~3~^+^ and --OH functional groups of H-chitosan easily bind with the LMO surface. Finally, calcination was carried out; this is the most vital step in this experiment because under high temperature the functional groups will become attached by strong physical interaction to the edges of the LMO particles, leading to the formation of N-C\@LMO.

Phase evaluations of prepared bare LMO and N-C\@LMO samples are shown in [Fig. 2](#f2){ref-type="fig"}; sharp and strong peaks revealed that the bare LMO and N-C\@LMO samples were finely crystalized in a pure cubic phase of the Fd3m space group (JCPDS card no. 89-0118). After coating, no peak from carbon could be observed in diffraction patterns, which could be attributed to its small quantity as well as its amorphous character[@b33]. However in the magnified view of 111 planes shown in [Fig. S1](#S1){ref-type="supplementary-material"} a negligible change is observed.

The surface compositions of prepared samples were analyzed by XPS, as shown in [Fig. 3](#f3){ref-type="fig"}. XPS is an effective tool to characterize elements on the surface, yielding specific information on binding energy and oxidation states[@b34]. XPS survey scan spectra of both bare LMO and N-C\@LMO samples are given in [Fig. S2](#S1){ref-type="supplementary-material"}; these spectra confirmed the presence of Mn, O, C, and N. Due to spin--orbit splitting, the Mn2p spectral peaks were clearly separated into the two oxidation states of Mn2p~3/2~ and Mn2p~1/2~, by about 11.5 eV. These splitting binding energies agree quite closely with those of a previous report[@b35]. [Figure 3a](#f3){ref-type="fig"} shows the deconvoluted values by fitting for bare LMO sample; the binding energies of Mn^3+^ were 641.29 eV (Mn2p~3/2~) and 652.82 eV (Mn2p~1/2~), whereas those of Mn^4+^ were 642.86 (Mn2p~3/2~) and 655.42 (Mn2p~1/2~). [Figure 3b](#f3){ref-type="fig"} shows the corresponding spectra for the N-C\@LMO sample; the binding energies of Mn^3+^ were 641.18 (Mn2p~3/2~) and 653.11 (Mn2p~1/2~), and those of Mn^4+^ were 642.72 (Mn2p~3/2~) and 654.54 (Mn2p~1/2~). Variation in binding energies are due to the N-C coating[@b36]. The ratio of Mn^3+^/Mn^4+^ was lower for N-C\@LMO than for bare LMO. Generally, the electrochemically active Mn^3+^ is not stable, but after coating it was stable; this was attributed to suppression of Mn^3+^ dissolution by the coating. The deconvoluted C1s peaks demonstrated in [Fig. 3c](#f3){ref-type="fig"}. The peaks located at 284.1 eV, 285.2 eV, 286.1 eV and 288.3 eV corresponding to sp^2^, sp^3^ hybridized carbon, C-N and C=O, respectively[@b37]. [Figure 3d](#f3){ref-type="fig"} gives a high-resolution view of the N1s peak, which comprised contributions by pyridinic and pyrrolic N[@b38]; the binding energies of 398.2 eV, 398.7 eV, and 400.2 eV respectively correspond to pyridinic, graphitic, and pyrrolic N. The presence of such N groups at the graphite edges can generate vacancies in the carbon matrix; these vacancies will increase the diffusion speed of Li-ions[@b13].

[Figure 4a](#f4){ref-type="fig"} displays the TGA profile collected for the N-C\@LMO sample, which obviously shows weight loss of carbon materials during TGA in air. The calculated mass of carbon on the LMO was \~6.3 wt%. [Figure 4b](#f4){ref-type="fig"} shows the HR-Raman spectrum of the N-C\@LMO sample, which included a D band at \~1368 cm^−1^, a G band at \~1582 cm^−1^, and a peak over the range from \~2590 to \~3060 cm^−1^ corresponding to the 2D band; these are typical peaks for graphene-like carbon. The intensity ratio I~D~/I~G~, which indicates the degree of disorder of the carbon, was \~0.66. The bands D, G, and 2D respectively arise from first-order zone boundary phonons, in-plane optical vibrations and second-order zone boundary phonons. The loss of long-range ordering between graphene layers gives combined D and G bands[@b15][@b19][@b39]. Peaks in the range of 500--700 cm^−1^ indicate metal--oxygen stretching vibrations[@b40]. In addition, the Raman spectrum of the H-chitosan is shown in [Fig. S3](#S1){ref-type="supplementary-material"}. It has similar behavior of N-C\@LMO and I~D~/I~G~ value was \~0.65.

The surface morphologies of prepared samples were investigated by means of FE-SEM; [Fig. 5](#f5){ref-type="fig"} shows FE-SEM images of bare LMO and N-C\@LMO samples. The surface of the bare LMO sample seemed to be smooth, with no surface diversion on individual primary LMO particles, and showed well-defined crystallization. Contrastingly, the N-C\@LMO sample was not smooth, exhibiting layered materials as an indication of the surface encapsulation.

To improve our understanding of phenomena related to the N-C\@LMO, we conducted the further analyses of FE-TEM and elemental mapping [Fig. 6](#f6){ref-type="fig"}. The N-C\@LMO sample edges appeared quite different from bare LMO due to the thin decoration, as indicated with arrows in the [Fig. 6b](#f6){ref-type="fig"}. The amorphous N-C surface layer was \~20--25 nm thick. [Figure 6c](#f6){ref-type="fig"} shows an overlay of EDS mapping on the N-C\@LMO surface. This mapping elucidated the presence of Mn, O, C, and N, which were uniformly distributed in the magnified area shown ([Fig. 6(d--g)](#f6){ref-type="fig"}). This kind of N-C matrix improves the electrochemical properties of carbonaceous material[@b41] and showed good overlapping with all the elements throughout the entire material.

Electrochemical analysis
------------------------

EIS measurements were performed to evaluate the impedance behavior of the N-C\@LMO sample. [Figure 7a](#f7){ref-type="fig"},b show the impedance signals collected for bare LMO and N-C\@LMO before and after cycling. An equivalent circuit model was used to fit the impedance signal ([Fig. 7c](#f7){ref-type="fig"}). This circuit included *R*~s~, the ohmic resistance of the electrolyte; *R*~ct~, the charge transfer resistance; CPE, the double layer capacitance and passivation film capacitance; and *Z*~w~, the Warburg impedance[@b42][@b43][@b44]. Before cycling, the *R*~ct~ values for bare LMO and N-C\@LMO were 165 Ω and 130 Ω, respectively. To study the effect of the coating, we characterized cells after fully charging them to 4.5 V after 50 cycles; the *R*~ct~ values for bare LMO and N-C\@LMO were then 536 Ω and 730 Ω. *R*~ct~ increased during the cycling due to the formation of an interfacial layer between the electrode and the electrolyte. From the Nyquist plot observations it is understood that the N-C\@LMO sample has improved Li-ion conduction compared with the bare LMO. Faster Li-ion diffusion directly results in enhanced electronic conductivity. This phenomenon could be explained as follows. (і) N atoms, which each have an excess valence electron, may donate additional π electrons to graphitic planes; (іі) the difference in electronegativity between N and C reduces the work function, and (ііі) N doping produces surface capacitive effects. Thus, we confirmed through AC impedance analysis that the N-C precursors yield better electronic conductivity than the pure carbonaceous materials[@b45][@b46][@b47].

Galvanostatic potential curves for bare LMO, C\@LMO, and N-C\@LMO samples were collected over the voltage range of 3.0 to 4.5 V vs. Li/Li^+^ and at the rate of 1C; the results are shown in [Fig. 8](#f8){ref-type="fig"}. These curves had two noticeable plateaus, in agreement with a two-phase model[@b48].

In detail, during the charge process, half of the Li^+^ions de-intercalated from the tetrahedral sites in LMO through Li--Li interactions, leading to the formation of a Li~0.5~Mn~2~O~4~ intermediate; this reaction is associated with the first charge plateau[@b49]. Then, further de-intercalation of Li from the tetrahedral sites happened without the aid of any Li-Li interaction, giving rise to a product with the final composition of λ-MnO~2~; this can be associated with the second charge plateau. Both curves were analyzed in detail, and it was found that the potential plateau of bare LMO showed strong polarization after the second and 50th cycles, when compared with C\@LMO and N-C\@LMO. In specific, the N-C\@LMO sample's polarization effect seemed to be shifted in the negative direction after the second cycle, and even after many cycles it was still lower than that of the bare LMO and C\@LMO. The lower potential difference between charge and discharge plateau denotes better Li-ion conduction, suppressed polarization increment and inner resistance in the cell. Particularly, coating played a main role in (і) isolation of the electrode from the electrolyte, (іі) suppressing the outbreak of the salts LiF and Li~2~CO~3~ from the electrolyte, (ііі) regulating the Mn dissolution in the electrolyte, and (iv) improving the conductivity[@b44][@b50][@b51]. In addition to the carbon coating the presence of N facilitated fast Li^+^ intercalation and de-intercalation during the electrochemical reactions. The carbon encapsulation provides catalytic action by decreasing the local concentration of HF acid[@b12]. The formation of HF as a byproduct proceeds by the following reaction[@b52].

The HF thus formed will attack the active material as follows.

This kind of attack will create a layer on the surface of the cathode active material, eventually leading to electrolyte decomposition. This mechanism causes severe capacity fading during electrochemical cycling as follows[@b53][@b54]

[Figure 9](#f9){ref-type="fig"} shows the cycling performance of bare LMO, C\@LMO, and N-C\@LMO samples cycled at the rate of 1C over the voltage range of 3.0 to 4.5 V vs. Li/Li^+^. It can be clearly seen that the N-C\@LMO sample delivered the higher discharge capacity of \~123.6 mAh/g during the first cycle and with capacity retention of \~92% over 50 cycles, comparable to or greater than that of previous reports[@b55][@b56]. Contrastingly, bare LMO yielded the relatively poor discharge capacity of \~100.4 mAh/g for the first cycle and also poor capacity retention of \~80% over 50 cycles. This may impact the intrinsic properties of LMO in high voltage ranges. Evidently, N-C\@LMO yields excellent cycling stability with improved discharge capacity because the use of a C matrix including N improved the electron diffusion. This electron pathway facilitated the adsorption of Li^+^ on the surface of the LMO, resulting in improved electrochemical properties. To specify, the impact of N in the carbon, the cycling behavior of N-C\@LMO has been compared with C\@LMO. The sample C\@LMO delivers the discharge capacity of \~103.6 mAh/g during the first cycle with the capacity retention of 89% over 50 cycles, which is comparatively lower than the N-C\@LMO samples. A high rate capability is always a key criterion to assess the performance of cathode materials used in high-power, high-energy Li-ion batteries. The rate capability of bare LMO and N-C\@LMO samples were demonstrated in [Fig. 9(b)](#f9){ref-type="fig"}. All the rate tests were examined between the voltage range of 3.0 and 4.5 V vs. Li/Li^+^. The rate performances of N-C\@LMO sample shows quite higher discharge capacity than the bare LMO. This results giving proof to improvement of structure stability and faster Li^+^ diffusion especially at high current rates. The surface-encapsulated LMO cathodes experience less loss of the initial capacity, and better cycling performance.

Discussion
==========

We successfully synthesized N-C by means of a hydrothermal method, and used this material as a surface encapsulant of LMO cathodes, using a simple wet coating treatment. The N-C coating meaningfully enhanced the discharge capacity and cyclability of the LMO cathodes. N-C material was easily coated onto the LMO and produced an orderly surface encapsulation that promoted fast Li-ion diffusion by maintaining the LMO core material's structure. The coating suppressed Mn dissolution and prevented direct contact between the electrode and electrolyte. Observed EIS and cycling behaviors showed the promise of this coating method to yield a high-performance cathode material for Li-ion rechargeable batteries. Moreover, the novel ecofriendly biopolymer used herein will be good choice in designing various energy storage materials for future automotive applications.

Experimental
============

Synthesis of N-C material
-------------------------

The N-C material was synthesized by means of a facile hydrothermal method. Briefly, 2 g of chitosan (obtained from Sigma-Aldrich Co., Ltd.) was dissolved in deionized water, followed by addition of 0.5 ml of acetic acid (CH~3~COOH). This mixture was stirred for a long time to allow the chitosan to completely dissolve. The resulting polymeric gel was transferred into a Teflon-lined tube (100 ml capacity), which was then placed in a stainless steel autoclave, heated to 180 °C, and held at this temperature for 12 h. The reaction mixture was allowed to cool to room temperature and the resulting black particles were collected and then washed once each with distilled water and ethanol. This hydrothermally treated chitosan (hereafter termed H-chitosan) was dried at 100 °C for 5 h prior to use as a coating agent.

Preparation of N-C\@LMO and C\@LMO
----------------------------------

Surface encapsulation of LMO by N-C material was carried out using a simple wet coating method. First, LMO (obtained from Ecopro Co., Ltd.) was dispersed in deionized water with the help of ultrasonication for 0.5 h. Then, an appropriate amount of as-prepared H-chitosan was added to the dispersion and ultrasonicated for about 1 h. Then, the solvent was removed by evaporation at 70 °C under stirring. Finally, the samples were collected and calcinated at 600 °C for 3 h under Ar atmosphere. For comparison, same experiment has been conducted with glucose as carbon source. Hereafter, the uncoated, carbon coated and nitrogen contained carbon coated LMO materials are respectively termed bare LMO, C\@LMO and N-C\@LMO.

Characterization
----------------

The attempted materials were characterized by means of various analysis as follows. XRD (D8Discover with GADDS, Bruker AXS) was carried out over the 2θ range of 10--80°, using a CuKα radiation source (λ = 1.5406 Å). XPS analysis was carried out using a K-Alpha model (Thermo Electron). Other characterization techniques included FE-SEM (Leo Supra 55, Genesis 2000, Carl Zeiss), FE-TEM JEM-2100F, JEOL) with elemental mapping, TGA (DTG-60H thermal analyzer, Shimadzu), high-resolution Raman spectroscopy (HR-Raman, inVia), EIS (IVIUM), and electrochemical (Arbin).

Cell fabrication
----------------

Cells of CR2032 standard form were assembled to analyze the electrochemical behavior of each sample. Electrodes were prepared by blending 80 wt% N-C\@LMO (active material), 10 wt% carbon black (conductive agent), and 10 wt% polyvinylidene fluoride (binder) in N-methyl-2-pyrrolidone (NMP) solvent to form a slurry. The mixture was uniformly laminated onto Al foil and dried for 12 h at 120 °C in a vacuum oven. This electrode was cut to form a small disk shape of the required diameter. The electrochemical cells were assembled in a high-purity argon atmosphere (\<1 mg/L of O~2~ and H~2~O). Each cell comprised a cathode prepared as described above, a Li metal anode, electrolyte (1 M LiPF~6~ in a solvent of 1:1 EC:DEC by volume), and a Celgard 3501 separator.
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